Recently we evaluated a custom TaqMan array card (TAC) detection system, formerly known as a TaqMan low-density array (TLDA) card, for simultaneous real-time PCR identification of 21 pathogens and three control targets in duplicate from respiratory specimens (M. Kodani et al., J. Clin. Microbiol. 49:2175-2182, 2011). We engineered an adaptable and expandable system of in vitro RNA transcripts to serve as a combined positive control for both DNA and RNA targets in multiple-pathogen-detection technologies based on real-time reverse transcription-PCR.
for the same assay, they were included in sequential order on the synthetic oligonucleotide, as long as they were designed to a different template region. When degenerate bases were used in an assay design, only one version of each primer or probe was engineered into the CPC plasmids. Because we attempted to develop a positive control for more than 50 targets, we decided to limit the size of each insert to around 1 kb, which allowed for inclusion of about 15 to 20 target assays per transcript. Each plasmid insert was designed to contain the T7 promoter sequence, the RNP3 human positive-control assay used on all TAC cards (6), 15 to 20 target assays, an Erwinia xeno assay for laboratory contamination control, and a reverse complement of the SP6 promoter sequence. One advantage of this design is that new assays can be added to the combined positive control by simply generating an additional plasmid containing all the elements listed above along with any new assay primer and probe sequences.
All plasmids and transcripts were handled in another laboratory to avoid potential contamination with templates for all assays commonly used in our laboratory. Upon receipt, lyophilized plasmids were handled according to the manufacturer's recommendations (IDT, Coralville, IA). A 1-in-1,000 dilution was made in water and used as a template in a PCR. The insert was amplified from each plasmid using M13 (Ϫ20) forward and M13 (Ϫ27) reverse primers available from IDT using 45 l of Supermix (Invitrogen, Carlsbad, CA), 1 l of each 10 M primer, and 3 l of the diluted plasmid template. The PCR cycling conditions were as follows: 94°C for 2 min, followed by 40 cycles of 94°C for 30 s, 50°C for 30 s, and 68°C for 90 s. The final extension was performed at 68°C for 10 min, followed by storage at 4°C. The size of each amplicon was checked by gel electrophoresis to ensure it matched the predicted size.
Five microliters of the amplicon from each plasmid was used as a template to generate the transcript using the SP6 MEGAscript kit according to the manufacturer's recommended protocol (Life Technologies, Carlsbad, CA). The reaction mixtures were incubated at 37°C for 2.5 h. The transcripts were subsequently purified using the MEGAclear kit as recommended by the manufacturer (Life Technologies, Carlsbad, CA). Following purification, all transcripts were initially diluted 1:100,000 in Tris-EDTA (TE) buffer (pH 8.0; Ambion, Austin, TX) spiked with yeast tRNA (50 ng/ml) and stored at Ϫ80°C in small aliquots. The initial evaluation of transcripts was performed for each transcript in individual reverse transcription-real-time PCRs for RNP3 and Erwinia xeno as described previously (6) . The Erwinia forward primer sequence was 5= GCC GTT TGT TCA CGC TTT G 3=, the reverse primer was 5= AGA GCC AGT CAG CCC GAT AG 3=, and the probe sequence was 5= 6-carboxyfluorescein (FAM)-TGA ACG CCA GCA AGA CGA TCC AGT ATC-BHQ1 3=. Once the individual assay results were satisfactory, the transcripts were evaluated in respiratory panel TAC assays as described previously (6) .
Individual transcripts were combined by diluting each to the 10 Ϫ9 or 10 Ϫ10 dilution in TE buffer (pH 8.0) (Ambion, Austin, TX) containing yeast tRNA (50 ng/ml). The combined positive control was aliquoted into single-use tubes and frozen at Ϫ80°C. Fourteen individual aliquots were thawed on ice and used on two respiratory panel TAC cards as described previously (6) to determine the extent of variability within a batch.
The sequence of each synthetic oligonucleotide was screened to ensure that primers and probes hybridized only to their specific locations on the transcript. This was accomplished using the Basic Local Alignment Tool (BLAST) in NCBI (1) by running the synthetic oligonucleotide sequence against the FASTA file of all primer and probe sequences used for our positive-control system to date. A few challenges became evident after this analysis. For instance, nonspecific binding of one oligonucleotide to a junction of a primer and a probe from another assay was observed. To remedy this problem, we added a short random nucleotide sequence spacer between the primer and the probe to reduce binding affinity and nonspecific amplification (see Fig. S1b in the supplemental material).
Although all synthetic oligonucleotides were designed to meet the above requirements, a couple of assays showed substandard performance upon testing by rtRT-PCR as judged by threshold cycle (C T ) values that were higher than those of other assays and lower fluorescence levels (data not shown). Troubleshooting their performance led us to use the Mfold Web server for nucleic acid folding and hybridization prediction (11) . Analysis of predicted RNA folds revealed theoretical stable hairpin structures present within the affected assays. This problem was resolved by placing primers and probes in a different configuration on the original synthetic oligonucleotide (see Fig. S1c in the supplemental material). During the reconfiguration, we kept the primers and probes in the correct orientation on the template to avoid having the PCR amplification fail. This conversion was performed with the Bordetella pertussis target 1 and RNP3 assays on a separate insert within pCP5 because the original transcript derived from pCP2a had a C T of 39.55 for B. pertussis target I. This was vastly improved to a C T of 29.48 following the conversion described for Fig. S1c . The C T values for the RNP3 assay were unchanged by this conversion. To demonstrate the specificity of the synthetic templates, individual transcripts as well as the pooled transcripts were run on the respiratory panel TAC card using the established protocols (6) . Realtime amplification was observed only for the transcripts containing the appropriate assays (see Table S1 in the supplemental material).
The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) marker, used by Life Technologies (Carlsbad, CA) as a manufacturing quality control standard for all TAC cards, was not included on any of the synthetic oligonucleotides and as expected did not amplify in any of the ports on the card. This marker provided another layer of control, because a positive result in this well was suggestive of human nucleic acid contamination within the combined synthetic positive-control sample. Another human marker, RNP3, was included on every plasmid. When five transcripts were combined into a CPC in an equal molar ratio, the C T value for RNP3 dropped by 2.14 instead of the expected 1.65. This may have been due to steric hindrance or intermolecular interactions when five different transcripts and five times more RNA are present in the template solution. Ultimately, this observation had no deleterious effects on the CPC performance.
The stability of this genetically engineered CPC was tested by subjecting it to different freeze-thaw conditions and different temperatures for various lengths of time (Fig. 1 ). Up to 10 freezethaw cycles did not have a significant effect on the transcript performance on TAC cards. We noted a modest increase in the C T values at 10 freeze-thaw cycles; however, all assays still maintained a reliable qualitative answer (Fig. 1 ). In addition, we exposed the transcripts to different temperatures for various lengths of time. Although the C T values started increasing after 3 h of exposure to ambient temperature (21°C), qualitative results remained unchanged even after overnight exposure in this environment. Exposure to 37°C overnight resulted in a significant increase in C T values, with 8/22 (36.4%) assays displaying no amplification of the positive-control template. Collectively, these data suggested that positive-control transcripts were highly stable within normal operational parameters and that successful amplification could occur in spite of some mishandling. For global use, the CPC was prepared in yeast tRNA/TE buffer and stored as single-use aliquots.
Reproducibility of the positive-control aliquots was demonstrated in Table 1 . As a part of a larger task to generate 4,000 aliquots of the combined positive control for TAC arrays, a random sample of 14 tubes was tested on TAC cards. The average C T value, standard deviation, and range are reported for each assay (Table 1) . Most assays performed in a tight range of 2 to 3 C T values. The Legionella-pan assay showed the highest range (8.24 C T s), but this may be attributed to the fact that one of 28 Legionella-pan assays amplified inefficiently. This occurrence may have resulted from a TAC malfunction during preparation or physical obstruction with the microfluidics channel. Upon exclusion of the one outlying value, the range for the pan-Legionella assay was within 1.6 C T s and the standard deviation dropped to 0.49. Additionally, the parechovirus assay showed a range of four C T values and a standard deviation of 1.21, suggesting less quantitative reproducibility than the majority of the assays. This observation may be attributed to the lower efficiency and fluorescence of this assay on the TAC card.
Overall, across all assays, there was a difference of approximately 2 logs between the lowest and the highest C T value even though the templates were present in an equal molar ratio. This effect may be due to differences in assay efficiencies and/or possible steric hindrance within and between RNA transcript molecules. We also examined the effect of assay location on the tran-script on the C T value and found no correlation between the proximity to the end of the transcript and the C T value (data not shown).
In summary, we engineered a versatile positive-control system that can be used with multiple-pathogen-detection assays, as well as individual rtRT-PCR singleplex or multiplex assays. The process described here allows one to emulate the design procedure and application for customized assay targets. By using this approach, both RNA and DNA targets can be tested simultaneously, thus obviating the need for two separate preparations to account for each type of nucleic acid. Although this approach is restricted to reverse transcription-PCR chemistry, it affords the convenience of testing for both viral and bacterial targets on the same TAC. This is especially useful when testing for respiratory pathogens, since coinfections often exist (3, 4, 5, 8) . Further, a single CPC preparation provides an opportunity to monitor TAC performance from card to card and allows normalization of the data. Primary design requires minimal modifications upon initial testing, with most difficulties being resolved by simply analyzing sequence comparisons and/or RNA folding predictions and making necessary adjustments to improve performance. This system is versatile because each assay can be independently subjected to troubleshooting at minimal cost. If only minor modifications are required to the original oligonucleotide, biotechnology companies can perform mutagenesis on the original plasmid, providing a significant cost savings over de novo synthesis. This system is relatively inexpensive, since one transcription reaction can generate enough positive control to last for thousands of TAC experiments and is easily expandable by creating additional transcripts and mixing them with the preexisting batch of the positive control. In addition, since we anticipated widespread use within our global partner laboratories, we determined adequate stability of the CPC over a wide range of temperatures and freeze-thaw conditions.
Large-scale multiple-pathogen-detection systems are creating a paradigm shift in the way infectious diseases are diagnosed and treated. These advancements come with new challenges, such as coordination and comparison of results across multiple platforms and multiple laboratories. The combined-positive-control system we have developed is a first step in overcoming some of these challenges. 
